ARMY RESEARCH LABORATORY

Test Results From a 37-mm
Segmented-Chamber Bulk-Loaded

Liquid Propellant Gun .

T. E. Rosenberger
I. C. Stobie
J. D. Knapton

ARL-TR-871 September 1995

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

19951017 117




NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Army
position, unless so designated by other authorized documents.

The use of trade names or manufacturers’ names in this report does not constitute
indorsement of any commercial product.



REPORT DOCUMENTATION PAGE Z‘:.:Z’,‘}:";%i‘sm

mm of information h estimated to averags 1 hour par response, including the time for reviewing | ! hi isting data
gathering and meinteining the data neadad, and comp and u\e of Send Ihll burden estimate or lny other 1 aspect of this
coliection of Information, including suggestions formduclng this burden, "to Washl Services, Di y for Information Operations and Reports, 1215 Jetferson
Davis Highway, Sulte 1204, Arlington, VA 22202-4302, and to the Office of Mana; ment and Bud Pa rwork Raducﬂon Prolect(0704-0188) Washlnﬂton DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1995 Final, Jan 93 - Oct 94

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Test Results From a 37-mm Segmented-Chamber Bulk-Loaded Liquid

Propellant Gun PR: 1L162618AH80

6. AUTHOR(S)
T. E. Rosenberger, 1. C. Stobie, and J. D. Knapton

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

U.S. Army Research Laboratory REPORT NUMBER

ATTN: AMSRL-WT-PA

Aberdeen Proving Ground, MD 21005-5066 ARL-TR-871

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

s e s
11. SUPPLEMENTARY NOTES

T e
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

A program was initiated at the U.S. Army Research Laboratory (ARL) to investigate the use of segmented-
chamber configurations to control the ballistic variability in bulk-loaded liquid propellant guns (BLPG). A series of
gun firings was performed in a 37-mm BLPG using OTTO II monopropellant. Results of these tests indicated that a
radial igniter and solid propellant booster with various segmented-chamber concepts are favorable in controlling the
combustion evolution and ballistic stability in this gun system. Subsequent 37-mm gun firings designed to investigate
the feasibility of achieving the same results using a HAN-based propellant (XM46) were performed. Results of these
tests indicated ‘that XM46 is more difficult to ignite in this system than OTTO II monopropellant. This report
describes the system configuration and test results which exploited segmented-chamber configurations to control the
combustion evolution and ballistic stability in the 37-mm gun using OTTO II monopropellant. Test results using
XM46 in the same configuration are presented and future plans are discussed.

14. SUBJECT TERMS 15. NUMBER OF PAGES
39
liquid propellant guns, interior ballistics, bulk loaded, segmented chamber 16. PRICE CODE
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18 298-102




INTENTIONALLY LEFT BLANK



ACKNOWLEDGEMENTS

The authors would like to thank Mr. Robert P. Kaste of the U.S. Army Research
Laboratory (ARL) for his technical assistance in ballistics and mechanical engineering
support. Much appreciation is also extended to Mr. James DeSpirito of the U.S. Army
Research Laboratory and Mr. Robert Talley of Veritay Technology, Inc. for their many
technical suggestions and for reviewing this report.

l Accesion For

NTIS  CRA& ;j
DTIC TAB |
Unannouncad 1
Justification

By
- Ristribution/

Availability Codes

' Avail and /| or
Dist Special

Iii




INTENTIONALLY LEFT BLANK




TABLE OF CONTENTS

ACKNOWLEDGEMENTS......oiiiitiiiiieeeceeeeeeeeeeeeeeeeeeee e,

LIST OF FIGURES.......ciiiiiiieetieee e

LIST OF TABLES ...ttt

INTRODUGTION. ..ottt

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

GUN SYSTEML..ciiiiiiie e,
Propellant.... ...

LONIEEE ..o

Simple Cylindrical Chamber INsert TeStS......covveveeeveveeeeeeeeeenn
Simple Segmented-Chamber INsert TestS...coveveeveeeeeeeeeeeen,
Transitioned Segmented-Chamber Insert TEStS......ceeveevevveeuennn.n.

XM46 Propellant TeSES....co.ivuieeieeeeeeieeee e

CONGCLUSIONS.......oiieeetee ettt e




INTENTIONALLY LEFT BLANK

vi




Figure

10.

11.

12.
13.

14,

15.
16.

LIST OF FIGURES

Page
37-mm Gun Used for Segmented-Chamber BLPG Testing..................... 4
Piston Radial Igniter and Stub Case Adaptor........oeveeeeeeeeeeeeeeoee
Chamber Insert Configurations. (a) Simple Cylindrical Chamber
Insert, (b) Simple Segmented-Chamber Insert, and (c) Transitioned
Segmented-Chamber INSEM............oov oo 7
Initial System ConfigUration..........cove.evveeeeeee oo
System Configuration After Insertion of Breech Face Insert and
Donut of SOld Propellant........c..o.eoeee oo 9
Pressure Transducer POrt LOCEHONS. .......c..eeveeeeeeeeeeeeeeeeeee oo, 10
Simple Cylindrical Chamber Insert Test ReSURS....covveveeeeeeeeoeeeeeee. 11
Simple Cylindrical Chamber Insert Test Results Compensated
fOr IGNIION DEIAY ..ot 12
Simple Segmented-Chamber Insert Test RESURS.....vevveeeeeeeeeeeeee 13
Simple Segmented-Chamber Insert Test Results Compensated
fOr IgNItIoN DeIAY ... e 14
Simple Segmented-Chamber Insert Test Results Compensated
for Ignition Delay Plotted Without ROUNG 9.....vveeeeeeeeeeeeeeeeeeeo 14
Transitioned Segmented-Chamber Test RESUNS.....vvovevevereeeeeeeeeeeee 16
Transitioned Segmented-Chamber Test Results Compensated
fOr IgNItION DEIAY.......coietieieiieieeee e, 16
Comparison of Pressure-Time Histories for Simple Cylindrical,
Simple Segmented, and Transitioned Segmented-Chamber Inserts......... 18
Example of Poor Ignition of XM46 in @ BLPG........cccvoveeeeeeeeeeeeeeeeeeeneen, 19
Comparison of Pressure-Time Histories for a 20-mm BLPG Using
OTTO Il Monopropellant and XIM4B..........oouveeueeeeeeeeeeeeeeeeeeeeeerereee e 20

Vii




INTENTIONALLY LEFT BLANK

viii




LIST OF TABLES

Properties of Candidate Liquid PropellantS.......ocooueeveeeeee oo,

System Parameters for Simple Cylindrical Chamber Insert Test Series...

Performance Comparison for Simple Cylindrical Chamber Insert
TESE SBIIES. ... e

System Parameters for Simple Segmented-Chamber Insert Test Series..

Perfermance Comparison for Simple Segmented-Chamber Insert
TOST SIS e

System Parameters for Transitioned Segmented-Chamber Insert
TS SBIIS. ...,

Performance Comparison for Transitioned Segmented-Chamber Insert
TEST SEIIBS.....eee e

10

12

13

15

16

17




INTENTIONALLY LEFT BLANK



1. INTRODUCTION

The Bulk-Loaded Liquid Propellant Gun (BLPG) concept remains attractive to today’s Army
because it offers the advantages of any liquid propellant (LP) system, including: improved
efficiency in the logistics chain, decreased cost of propellant production, reduced system
vulnerability, and an opportunity for higher charge loading densities (Morrison, Knapton, and
Bulman 1888). Perhaps more importantly, it also adds mechanical simplicity when compared
to the regenerative fiquid propellant gun (RLPG) system (Pate and Magoon 1985; Mandzy et
al. 1983; Magoon, Haberl, and Purtee 1989; Mandzy, Cushman, and Magoon 1987). However,
the BLPG has a long history of performance variability, including numerous overpressures and
system failures. The basic problem is that the combustion process depends on hydrodynamic
instabilities rather than on a preformed propellant geometry to define burning surface.
Morrison, Knapton, and Bulman (1988) found that small differences in ignition stimulus, initial
ullage, or shot start pressure may influence these instabilities in such a way as to amplify their
influence tremendously on the combustion process and the overall ballistic event. This
reference gives an excellent historical overview of LP guns and summarizes the traditional
understanding of the BLPG processes. In addition it offers an extensive bibliography of BLPG
research.

One approach to overcome the traditional BLPG problem is to develop the methodology
that reduces the amplification of the early instabilities and hence makes the system tolerant of
minor, yet unavoidable, variations in initial conditions. To this end, a program was initiated at
the Army Research Laboratory (ARL) to investigate the use of segmented-chamber configura-
tions to control the ballistic variability in BLPGs. A series of gun firings were performed in a
37-mm BLPG using OTTO Il monopropellant. Results of these tests indicate that a piston radial
igniter and a solid propellant booster with various segmented-chamber concepts are favorable
in controlling the combustion evolution and ballistic stability in this gun system. Subsequent
37-mm gun firings designed to investigate the feasibility of achieving the same results using a
hydroxylammonium nitrate (HAN)-based propellant (XM48) were performed. Results of these
tests indicated that XM46 (previously designated LGP 1846) is more difficult to ignite in this
system than OTTO Il monopropellant. This report describes the system configuration and test
results that made use of segmented-chamber configurations to control the combustion
evolution and ballistic stability in the 37-mm gun using OTTO I monopropellant. Test results
using XM46 in the same configuration are also presented and future plans are discussed.




2. METHODOLOGY

A typical BLPG system has often been characterized in literature as consisting of a
near-bore diameter cylindrical combustion chamber, a projectile seated at the forward end of
the combustion chamber just inside the barrel, and an igniter at the breech. This classical
BLPG configuration features the utmost in mechanical simplicity but offers few means to control
and stabilize the ignition and combustion processes and the associated fluid dynamics and
combustion instabilities characteristic of BLPGs (Comer, Shearer, and Jones 1963). Unlike
the solid propellant combustion process in which the burning rate depends on a predefined
propellant geometry to determine burning surface and progressivity, the ignition and combus-
tion process of LP is initially characterized by the growth and geometry of an ignition bubble
and combustion gas cavity (Comer 1978), analogous to the motion of a gas cavity in a
gravitational field (Davies and Taylor 1950; Taylor 1950). After this cavity reaches the projectile
base, an annulus of liquid remains on the chamber walls. Combustion gases flowing at high
velocities through this annulus results in turbulent mixing of the liquid and gas at the inner
surface of the annulus. This turbulent mixing is commonly referred to as the Helmholtz
instability (Helmholtz 1868). These instabilities may grow and cause some of the liquid to break
off and form droplets, which drastically changes the amount of surface area available for
combustion, causing poor system repeatability. It has been experimentally demonstrated that
small differences in ignition stimulus, initial ullage, or shot start pressure may influence these
instabilities in such a way as to amplify their influence on the combustion process and the
overall ballistic event (Morrison, Knapton, and Bulman 1988).

As mentioned in the introduction, a general approach to overcome the traditional BLPG
instability problems is to develop a methodology to reduce the amplification of the early
instabilities and hence make the system tolerant of minor, yet unavoidable, variations in initial
conditions. The'approaoh presented in this report is to segment the combustion chamber into
several smaller subchambers in an effort to decrease the amplification of the instabilities, and
thereby control ballistic variability in BLPGs. The premise for segmenting the combustion
chamber is that random variations occurring in the subchambers will cancel, or at least not
reinforce one another, significantly reducing the overall system sensitivity to minor variations
ininitial conditions. In addition, the added boundary conditions due to the many subchambers
may provide needed preformed surface area to allow the propellant to burn more uniformly.
This concept is based on a United States patent entitled "Combustion Sub-channels for



Bulk-Loaded Liquid," which asserts that "the gas and pressure produced in each sub-chamber
will be ejected into the common volume located forward of their open ends and aft of the
projectile base, where their individual contribution to the propelling pressure will be summed,
and their variations averaged" (Puckett 1880). The patent was a conceptual one that offered
no experimental data in support of the assertion. For comparison, various small-caliber BLPG
systems have been developed (<7.62 mm) that exhibit acceptable performance and
repeatability, but only for small firing groups under controlled laboratory conditons (Knapton,
Stobie, and Comer 1976).

A study of literature yielded very little information concerning past attempts to experimen-
tally explore the segmented-chamber concept. Redel Inc. (1956) briefly described an attempt
to use a "four-holed honeycomb" in a 20-mm BLPG. The pressure-time curve exhibited the
elimination of the traditional double hump, but they were unable to draw any conclusions from
the single test. No further details or investigations were discussed. Gemershausen, Schmitt,
and Reinelt (1986) discussed segmentation of the igniter cavity region, however, the combus-
tion chamber was configured in the traditional BLPG fashion. As with the case of the 20-mm
*honeycomb" chamber, no significant developments were noted. Based upon the apparent
lack of a thorough evaluation of the concept, the ARL began an experimental program to
investigate the assertion that segmenting the combustion chamber of a BLPG will control the
variabilities in the ballistic process (Talley and Owczarczak 1992).

3. EXPERIMENTAL

3.1 Gun System. Testing of the segmented-chamber BLPG concept was performed in a
37-mm antitank gun, designated M3 in the Army inventory. A sketch of the gun chamber is
shown in Figure 1. The chamber has a chambrage region as shown in the figure. The gun
tube consists of 12 equally spaced, right-hand lead grooves with 48 calibers of travel. This
weapon was chosen because it offered sufficient chamber volume to allow effective segmen-
tation while at the same time facilitating testing with a reasonable projectile mass and propelling-
charge-to-mass ratio (projectile mass =447 g, C/M=0.33). In addition, it was also convenient
because it had a sliding breech mechanism that allowed easy loading of the round. However,
one major drawback was the maximum pressure envelope safety rating of 450 MPa, which
was based on a soldier standing behind the weapon and pulling a lanyard. Given the ratio of
the outside-to-inside diameter of the combustion chamber, it was decided that the pressure




envelope could be extended to nearly 550 MPa without damage to the weapon. Since these
studies were to be performed at a relatively low performance level and were designed to
establish the merits of the segmented-chamber concept, the investigators deemed the fixture
acceptable for testing.
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Figure 1. 37-mm Gun Used for Segmented-Chamber BLPG Testing.

All Dimensions in mm

3.2 Propellant. OTTO Il monopropellant was chosen as the LP for testing. The decision
to use OTTO Il monopropellant was based on the realization that this propellant is easier to
ignite than other candidate propellants (Travis, Knapton, and Morrison 1986) and seems to be
less prone to excessive pressures. The thermochemical properties of OTTO Il monopropellant
are given in Table 1 along with those of XM48, which are included for comparison purposes.
It was planned that later tests, pending an evaluation of the tests with OTTO Il monopropellant,
would be performed with XM46.




Table 1. Properties Of Candidate Liquid Propellants.

Composition
LP Fuel (%Wt.) Oxidizer (%Wt.) Diluent (%Wt.) Density | Impetus | Flame Gamma
{g/ce) (J/g) |Temp. (K)
OTTO Il | 1,2 Dinitroxypropane (76) | Di-N-butyl sebacate (22.5) | 2 nitrodiphenytamine (1.5) 1.23 866 1,986 1.266
XM46 TEAN (19.2) HAN (60.8) Water (20) 1.43 898 2,469 1.223

3.3 Igniter Three main attributes were identified that an igniter needed to have to be
acceptable for our study. The first requirement was that the igniter be one that had been
experimentally demonstrated to ignite LP reliably in a medium-caliber BLPG. The second, and
most important, was that it should be capable of igniting the LP in each of the subchambers
simultaneously. The third, although not a necessity, was that the pressure rise rate be much
slower than a traditional BLPG rise rate, yet strong enough to reliably ignite the LP. Knapton
and Stobie (1979) had demonstrated the use of a piston radial igniter in effectively igniting
NOS-365 propellant. Figure 2 shows a drawing of the piston radial igniter and stub case
adapter. The stub case adapter replaces the case base of a standard solid propellant round
and is used to house the M52A3B1 electrical primer as well as the piston radial igniter.

19.10
;O "'3'18 Piston Radial
8 [ ] T lonitr
T i 10,00
6.35 I Steel Disk . — \__l_
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Adaptor::. 31.75

L%

M52A3B1
Primer
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Figure 2. Piston Radial igniter and Stub Case Adaptor.
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Drawing not to scale




Under initial conditions a circular steel disk covered with a silicon rubber sealed each of
the five holes in the body of the igniter. IMR 4350 single-perforation solid propellant was loaded
into the free volume of the igniter, which was then screwed into the stub case adaptor. Upon
initiation of the M52A3B1 electrical primer, the hot gases from the M52A3B1 ignite the IMR
4350. This event forces the steel disk forward, uncovers the igniter vent holes, and simul-
taneously vents hot gases from the igniter radially into the combustion chamber. The piston
radial igniter was chosen over an axial igniter because it was deemed more likely to ignite all
the subchambers uniformly. This igniter met all of the criteria outlined previously except for
the lower pressure rise rate. The free volume in the igniter, including the vent hole from the
M52A3B1 to the IMR 4350, is 2.17 cc before the movement of the piston, and 2.46 cc after the
piston has come to rest. Therefore, for loading density calculations in the piston radial igniter,
a volume of 2.46 cc was used. Open-air tests were performed, and high-speed photography
(7,000 frames per second) was used to demonstrate the uniform venting characteristics of the
igniter. Based on these tests, it was felt that the igniter would satisfy the first two requirements
outlined previously. The third requirement will be addressed later in this report.

3.4 Chamber Inserts . The manner chosen to effect the chamber segmentation was
through the use of nylon chamber inserts (Talley and Owczarczak 1992). Figure 3 shows the
three designs used (drawings not to scale). Figure 3a shows a simple cylindrical chamber
insert designed to allow baseline testing of a traditional BLPG sytem. The primary purpose of
this insert was 1o provide a baseline for performance comparisons with the segmented-cham-
ber designs and to demonstrate whether segmenting the chamber of a BLPG changed the
interior ballistic process. The insert was designed to allow the same propellant volume (28 cc)
as the segmented-chamber designs shown in Figures 3b and 3c. Figure 3b shows a simple
segmented-chamber design consisting of three holes of equal diameter in the nylon insert.
Figure 3c shows a transitioned segmented-chamber design that was angled at the igniter end
in an effort to more efficiently couple the igniter gases to each of the subchambers simul-

taneously.

Figure 4 shows a drawing of the system configuration with the simple cylindrical insert in
the chamber. As can be seen in the figure, the insert stops at the chambrage region and does
not extend to the base of the projectile. The purpose for this design feature was to ensure a
stationary boundary during early combustion and to eliminate the possibility that the insert
would be forced down the gun tube during firing. The goal was to impart all of the system
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Figure 3. Chamber Insert Configurations. a) Simple Cylindrical Chamber Insert, b) Simple
Segmented-Chamber Insert, and ¢) Transitioned Segmented-Chamber Insert.

energy on the base of the projectile and eliminate any possibility of doing work on the chamber
insert. At the igniter end, a practical implication of using a chamber insert to segment the
chamber becomes apparent. It appears that one could extend the simple cylindrical chamber
insert to the rear of the chamber. However, since the relatively large piston radial igniter would
prohibit this with the segmented-chamber inserts, it was not done for the baseline configuration
shown. There was a relatively large volume (58 cc) in the rear of the chamber that was empty.
It was deemed undesirable to fill this area with LP because of the large step function when
transitioning forward into the chamber insert; therefore we needed to fill at least a portion of
this volume. In studies performed by Knapton and Stobie (1979) and Knapton et al. (1978), it
was demonstrated that placing a Breech Face Insert (BFI) at the rear of the chamber decreased
the maximum chamber pressure in 38.8-mm BLPG firings. By placing a BFI at the rear of the
chamber, a portion of this volume could be eliminated. However, the size of the BFI was limited




by the venting process of the piston radial igniter and only eliminated 10 cc of the free volume,

leaving 48 cc of open air volume.

Earlier in this report, three requirements for an igniter were outlined. The first two (reliability
and uniform ignition) were addressed at that time and the third was left until now. It was
desirable for the early pressure rise rate to be much more gentle than that of a traditional BLPG
pressure-time profile. 1t was expected that if one were to place a donut of solid propellant
booster charge in the open volume at the rear of the chamber, the igniter would then vent into
solid propellant, providing a much more gentle pressure rise rate and in effect allowing a great
deal more control over the early portion of the ballistic cycle. The unknown effect was how
well the large solid propellant igniter would couple to the LP charge in the forward portion of
the chamber. The insertion of this solid propellant donut into the open air volume in the rear
of the chamber proved to be very advantageous. Figure 5 shows the system configuration
after the insertion of the BFI and the donut of solid propellant. Note that a paper diaphragm
is used to keep the LP contained in the insert and forward chambrage region. The total amount
of L.P used is approximately 124 cc.
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Figure 4. Initial System Configuration.
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Figure 5. System Configuration After Insertion of Breech Face Insert and Donut of Solid
Propellant.

3.5 Instrumentation. Pressure measurements were taken in the fixture using Kistler 607C4
piezoelectric pressure transducers at the locations noted in Figure 6. It was not possible to
measure the pressure at the igniter end of the chamber because of the manner in which the
breech ring of the weapon attached to the chamber. Pressure ports P1 and P2 were covered
by the chamber insert and, subsequently, a hole 3.175 mm in diameter was drilled in the insert
and was filled with grease to prohibit LP from leaking out of the insert. P3 was located at the
top of the chambrage and was used as the port through which the LP was loaded into the
chamber. A syringe was used to inject the LP. As the LP was injected, the air in the chamber
was displaced back through the pressure port. Once full, a cotton swab was used to clean
excess LP out of the pressure port. A 35-GHz microwave interferometer was used to measure
projectile dispacement and processed in real time to obtain a projectile muzzle velocity
(Rosenberger and Martz 1992). For each cycle of the interferometer, the projectile moved
4.226 mm. The muzzle velocity was verified using a series of break screens, located 3.5 m to
7.5 m from the muzzle of the gun, and counters to measure the time of projectile passage.
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Figure 6. Pressure Transducer Port Locations.

3.6 Simple Cylindrical Chamber Insert Tests. Three rounds were fired using the simple
cylindrical chamber insert shown in Figure 3a. System parameters for each of the three rounds

are shown in Table 2. The projectile was then loaded into the gun followed by the simple
cylindrical chamber insert, which had a paper diaphragm at the igniter end of the insert. LP
was then injected into the chamber using a syringe as described earlier. In each case, a bead
of silicone sealant was placed around the rotating band of the projectile to act as alow-pressure
seal to keep the LP from leaking around the projectile. Once positive assurance of no leaks
was obtained by inspecting the rear chamber and the projectile-barrel interface, the solid
propellant donut booster charge, BFI, igniter, and stub case were inserted into the chamber

and the breech was closed.

Table 2. System Parameters for Simple Cylindrical Chamber Insert Test Series.

Round No. LP LP Volume (cc) LP Mass (g) Projectile Mass (g) | Propellant Mass | Propellant Mass
in Igniter (g) in Booster (g)
5 o101l 123 151.3 457 0.8063 15.2
6 Q11O It 123 151.3 457 0.8046 15.2
7 OTTOIl 123 151.3 457 0.8077 15.2
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Figure 7 shows the pressure-time results from the P3 pressure location (just forward of the
insert). As can be seen from the figure, the ignition delays, as referenced from the time the
electrical energy is delivered to the M52A3B1 primer, vary as much as 12 ms. However, if the
pressure-time curves are plotted without consideration to the ignition delay, as in Figure 8,
they overlay quite nicely. The reason for the delay is believed to be the large air volume in the
rear of the charge, or the tissue that is used to contain the IMR 4350 solid propellant donut.
As can be seen from the figure, the solid propellant, responsible for the initial pressure rise,
couples quite well to the LP as is evident by the reproducible rise rate of the pressure-time
curves. In addition, the curves exhibit the double hump of a traditional BLPG pressure-time
curve; however they appear to be uncharacteristically well behaved. It should be noted here
that the double-humped behavior exhibited in BLPGs is typically not repeatable because it is
thoughtthat itis generated, at leastin part, by Helmholtz mixing and is thought to be responsible
for variability in ballistic performance. To gain control of the BLPG ballistic process, it will be
neccessary to further understand the genesis and evolution of the double hump. Table 3 shows
a performance comparison for the three shot series using the simple cylindrical chamber insert.
This series was used as a baseline for comparison with the segmented-chamber tests.

Simple Cylindrical Chamber Insert (Not Segmented)

Rounds 5, 6, & 7 (Actual Ignition Delay)

288.8 T T T T T T T T T T T T T T T T T T T
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Figure 7. Simple Cylindrical Chamber Insert Test Results.
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Simple Cylindrical Chamber Insert (Hot Segmented)

Rounds 5, 6, & 7 (Compensated For Ignition Delay)
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Figure 8. Simple Cylindrical Chamber Insert Test Results Compensated for Ignition Delay.

Table 3. Performance Comparison for Simple Cylindrical Chamber Insert Test Series.

Round No. Maximum Chamber Pressure - P3 (MPa) Velocity (m/s)
5 133 800
8 124 778
7 136 801
Average 131 793
Standard Deviation 6.2 (4.8%) 13.0 (1.6%)

3.7 Simple Segmented-Chamber Insert Tests. A total of four rounds were fired using the
simple segmented-chamber insert shown in Figure 3b. System parameters for each of the
four rounds are shown in Table 4. In each case, both the round and the charge were loaded
in exactly the same manner as in the case of the simple cylindrical chamber insert tests.
Pressure-time curves for each of the four rounds are shown in Figure 9. As can be seen from
the figure, Round 09 was an outlier that displayed not only a much longer ignition delay, but
also evidence of a higher chamber pressure. There was evidence of a possible leak in the
chamber upon inspection of the fixture after the test, but no conclusive reason could be found
to explain the results. However, if we again plot the pressure-time curves without consideration

12



for the time delay, the early portion of the curves overlay, including the outlier, as shown in

Figure 10.

If we eliminate Round 09, the curves overlay reasonably well up to maximum

pressure as shown in Figure 11. Another important feature that the plots exhibit is that the
shape of the curve at peak pressure is slightly different from that of the simple cylindrical
chamber insert tests. The segmented-chamber insert has had the effect of lessening the
degree of the double hump at peak pressure. As seenin Table 5, the performance parameters
compare fairly well for a nonoptimized system, except for Round 09. When comparing the
performance data to that of the simple cylindrical chamber firings shown in Table 3, the
performance of the two systems is nominally the same.

Table 4. System Parameters for Simple Segmented-Chamber Insert Test Series.

Round No. LP LP Volume (cc) LP Mass (g) Projectile Mass (g) | Propellant Mass in | Propellant Mass in
Igniter (g) Booster (g)
8 oTTO !t 124 152.5 457 0.7996 15.2
9 OTTO i 127 156.2 457 0.8005 15.2
10 oTTOo 1t 128 157.4 457 0.8016 15.2
11 o110 Il 120 147.6 457 0.8036 15.2
Simple Segmented Chamber Insert
Rounds 8, 9, 18, & 11 (Actual Ignition Delay)
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Figure 9. Simple Segmented-Chamber Insert Test Results.
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Figure 10. Simple Segmented-Chamber Insert Test Results Compensated for Ignition Delay.
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Table 5. Performance Comparison for Simple Segmented-Chamber insert Test Series.

Round No. Maximum Chamber Pressure - P3 (MPa) Velocity (m/s)

8 148 811

9 198 835

10 164 821

11 165 806

Average (8,9,10,11) 169 818
Standard Deviation (8,9,10,11) 21.0 (12.4%) 12.8 (1.6%)

Average (8,10,11) 159 813
Standard Deviation (8,10,11) 9.5 (6.0%) 7.6 {0.9%)

3.8 Transitioned Segmented-Chamber Insert Tests. Three rounds were fired using the

transitioned segmented-chamber insert shown in Figure 3c. The subchambers were angled
at the igniter end in an effort to more closely couple the igniter gases to each of the
subchambers. System parameters for each of the three rounds are shown in Table 6. In each
case, both the round and the charge were loaded in exactly the same manner as in the case
of the previous two test series. Figure 12 shows the pressure-time curves for each of the three
rounds. Once again, the ignition delay varies by the same magnitude as previous designs.
As expected, when the pressure-time curves are plotted without consideration for the time
delay, the early portions of the curves overlay as shown in Figure 13. Another important
feature that the plots exhibit is that the shape of the curve at the peak is again slightly different
than that of both the simple cylindrical chamber insert tests and the simple segmented-cham-
ber insert tests. The transitioned segmented chamber insert has had the effect of nearly
eliminating the double hump at peak pressure. As seen in Table 7, the performance
parameters compare fairly well for a nonoptimized system. When comparing the performance
data to that of the simple cylindrical chamber insert firings shown in Table 3, and to those of
the simple segmented-chamber insert firings shown in Table 5, the performance is again
nominally the same.
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Table 6. System Parameters for Transitioned Segmented-Chamber Insert Test Series.

Round No. LP LP Volume (cc) LP Mass (g) Projectile Mass (g)| Propellant Mass | Propellant Mass
in Igniter (g} in Booster (g)
12 OT70 1 121 148.2 457 0.8016 15.2
13 OoTTo !l 124 152.5 457 0.8060 15.2
14 o110 1 123 151.3 457 0.8033 15.2
Transitioned Segmented Chamber Insert
Rounds 12, & 14 (Actual Ignition Delay)d
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Figure 12. Transitioned Segmented-Chamber Test Results.
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Table 7. Performance Comparison for Transitioned Segmented-Chamber Insert Test Series.

Round No. Maximum Chamber Pressure - P3 (MPa) Velocity (m/s)
12 146 758
13 150 818
14 169 809
Average 155 795
Standard Deviation 12.3 {7.9%) 32.6 (4.0%)

In each of the three configurations presented here, the coupling of the solid propeliant to
the LP was very smooth, and the subsequent rise to peak pressure compares quite well in all
cases. As shown in Figure 14, the main difference in the pressure-time curve from one
configuration to the next occurs at peak pressure. The simple cylindrical chamber configura-
tion, the classical BLPG baseline, exhibited the classical double-humped pressure-time trace.
The simple segmented configuration exhibited less of a double-humped pressure-time curve.
In the case of the transitioned segmented configuration, the double-humped pressure-time
curve was almost eliminated.

The reason for the variance in the pressure-time curve from one configuration to the next
may prove critical to understanding the BLPG process. One possible explanation is that
segmenting only the middle of the chamber allowed the segmented portion to act as a very
high-pressure igniter. In each configuration, the volume in the nylon chamber insert was kept
approximately the same. If one calculates the volume opened up behind the projectile due to
the initial projectile travel up to the time of peak pressure (through the use of the microwave
interferometer), it is about the same as the volume of the nylon chamber insert. Itis speculated
that a portion of the LP was ignited before the igniter gas plume blew through into the forward
area of the chamber; which was the same configuration as the classic BLPG case. At this
time, there is a slight drop in pressure due to the increased volume vacated by the projectile.
Mixing occurrs which is robust enough to smoothly burn the remainder of the LP. In the case
of the segmented-chamber configurations, the propellant in the chamber insert burns more
uniformly and initiates better mixing as the three high-pressure plumes blow into the forward
portion of the chamber; resulting in a smoother pressure-time curve.
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At this time not much more can be said concerning the effectiveness of the concept in
controlling the ballistic variability in BLPGs. Based on the previous explanation, it is felt that
by segmenting the entire chamber, more control could be achieved by eliminating the classical
BLPG configuration in the forward portion of the chamber. It is evident from the consistency
inthe pressure-time curves to near-peak pressure that the solid propellant igniter allows a great
deal of control and repeatability of the early combustion event. However, this does not assure
repeatable ballistics based on the pressure-time curves later in the combustion process and
the performance comparisons presented here. This supports an earlier postulate that
repeatability of the igniter is a neccessary, but not a sufficient condition to ensure stable
ballistics (Knapton and Stobie 1979; Knapton et al. 1978).
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Figure 14. Comparison of Pressure-Time Histories for Simple Cylindrical, Simple
Segmented, and Transitioned Segmented-Chamber Inserts.

3.9 XM46 Propellant Tests. The series of tests performed using OTTO [l monopropellant
demonstrated that segmenting the combustion chamber of a BLPG had noticeable effects on
the ballistic process and that a reasonable level of control of the combustion process was
achieved up to maximum pressure. Based on these rather encouraging results, we decided
to evaluate the effects of the segmented-chamber concept using the HAN-based propellant
XM46. As previously stated, XM46 has been demonstrated to be more difficult to ignite than
OTTO Il monopropellant and there was a great deal of concern that this would cause problems
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with demonstrating the effectiveness of this system in XM46. The system configuration shown
in Figure 5 was used with the simple cylindrical chamber insert to act as a baseline for future
testing. Figure 15 shows the chamber pressure and microwave interferometer from this test.
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Figure 15. Example of Poor Ignition of XM46 in a BLPG.

As suspected, the ballistic process proved to be drastically different. The early pressure
rise up to 20 - 30 MPa agrees quite well with that of earlier testing. However, XM46 proved
much more difficult to ignite. As the pressure increased to about 60 MPa, a change in slope
can be observed as if some amount of LP begins to burn. However, the pressure drops soon
after increasing, suggesting either a lack of sustained combustion or that the gas generation
rate can not keep up with the increasing volume caused by projectile motion. The sharp
pressure excursion at about 5.7 ms is likely an artifact of the pressure measurement. As the
LP blows through into the forward portion of the combustion chamber, mixing is not robust
enough initially to burn the remainder of the propellant (5.6 ms - 6 ms). As mixing continues
with undefined burning surface area, the condition required for the remainder of the bulk-
loaded charge to ignite is reached, and it rapidly ignites. As in past bulk liquid propeliant
programs, the condition needed to initiate the XM46 in a controlled manner is not known. This
test was repeated with similar results. Investigations are ongoing into system modifications to
ignite XM46 in a controlled manner and maintain more stable ballistics.
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The fact that the system configuration used quite successfully with OTTO Il monopropeliant
does not exhibit stable ballistics when using XM48 is, to say the least, very interesting. In light
of the very different chemical compositions of the two propellants, this may suggest that
chemical kinetics plays a major role in the bulk-loaded LP burn process. At this time, this is
only an observation, and nothing more can be said about the importance of chemical kinetics
in bulk-loaded LP processes versus the role that hydrodynamics may play relative to the
generation of surface area and subsequent gas generation rates.

The importance of an appropriate ignition system to the bulk-loaded LP process is well
documented in literature. The data presented here support this assertion. Interestingly, recent
work by Talley and Owczarczak (1992) at Veritay Technology Incorporated has shown that
there is not much difference in the ballistics for a 20-mm BLPG gun firing using OTTO i
monopropellant and for a 20-mm BLPG gun firing using XM46. Figure 16 shows a comparison
of chamber pressure histories for a 20-mm BLPG firing using OTTO Il monopropellant and
XM48, respectively. Both tests were fired under the same system configuration using an axial
igniter. For the most part, the two curves exhibit very similar behavior, unlike the data presented
in this report for the two different propellants. These data, contrary to our tests, do not support
the assertion that chemical kinetics plays a major role in the bulk-loaded LP burn process of
a 20-mm BLPG. It is evident, however, that system parameters such as chamber volume,
chamber L/D, and ignition configuration are key parameters for controlling the BLPG ignition
and combustion processes.
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Figure 16. Comparison of Pressure-Time Histories for a 20-mm BLPG Using OTTO |l
Monopropellant and XM46.

20



4. CONCLUSIONS

Based on the experimental data presented here, it is evident that segmenting the
combustion chamber changed the combustion evolution of the 37-mm BLPG system when
OTTO Il monopropellant was used. The performance comparisons presented here show
consistency on a shot-to-shot basis within a particular series. The pressure-time histories are
reasonably well behaved for a nonoptimized system. Subsequent tests designed to investigate
the feasibility of achieving the same result using XM46 indicated that XM46 is more difficult to
ignite and therefore did not exhibit the same ballistic results. Data were presented which
demonstrated comparable ballistic results when using OTTO Il monopropellant and XM46 in
a 20-mm BLPG ignited by an axial igniter. It was asserted that chemical kinetics may play a
major role in the bulk-loaded LP burn process of the 37-mm BLPG system investigated.
However, this does not agree with test results from the 20-mm BLPG configuration used by
Talley and Owczarczak (1992) at Veritay Technology Incorporated.

Future testing in segmented-chamber BLPG technology will be continued at the ARL. The
emphasis will be in the transition of the successful approaches presented here for OTTO Il
monopropellant to a system using XM46. Further, segmentation of the entire combustion
chamber will be effected in an effort to control the ballistic process. A high-pressure fixture is
being built to facilitate BLPG firings without the constraints of a restricted pressure envelope.
Future tests will involve decreasing the size of the solid propellant booster, using faster burning
solid propellants and higher igniter loading densities, to effect the segmented-chamber
approach in a medium-caliber system using XM46. Alternative segmented-chamber configura-
tions will also be explored.
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1 OFFICE OF NAVAL TECHLGY
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NAVAL SURFACE WARFARE CTR
SILVER SPRING MD 20903-5000

7 CDR
ATTN T C SMITH
K RICE
S MITCHELL
S PETERS
J CONSAGA
C GOTZMER
TECH LIB
NAVAL SURFACE WARFARE CTR
INDIAN HEAD MD 20640-5000

4 CDR
ATTN CODE G30 GUNS & MUNITIONS DIV
ATTN CODE G32 GUNS SYSTEMS DIV
ATTN CODE G33 T DORAN
ATTN CODE E23 TECH LIB
NAVAL SURFACE WARFARE CTR
DAHLGREN VA 22448-5000

5 CDR
ATTN CODE 388 C F PRICE
T BOGGS
CODE 3895 T PARR
R DERR
INFORMATION SCIENCE DIV
NAVAL AIR WARFARE CTR
CHINA LAKE CA 93555-6001

1 COMMANDING OFFICER
ATTN CODE 5B331 TECH LIB
NAVAL UNDERWATER SYSTEMS CTR
NEWPORT RI 02840

1 AFOSR NA
ATTN J TISHKOFF
BOLLING AFB DC 20332-6448

1 OLAC PL TSTL

ATTN D SHIPLETT
EDWARDS AFB CA 93523-5000
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3 AL LSCF
ATTN J LEVINE
L QUINN
T EDWARDS
5 POLLUX DR
EDWARDS AFB CA 93523-5000

1 WL MNAA
ATTN B SIMPSON
EGLIN AFB FL 32542-5434

1 WL MNME
ENERGETIC MATERIALS BR
2306 PERIMETER RD
STE 9
EGLIN AFB FL 32542-5910

1 WL MNSH
ATTN R DRABCZUK
EGLIN AFB FL 32542-5434
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ATTN M S 408
W SCALLION
D WITCOFSKI
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1 CENTRAL INTELLIGENCE AGENCY
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1 CENTRAL INTELLIGENCE AGENCY
ATTN J BACKOFEN
NHB ROOM 5NO1
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2 HQ DNA
ATTN D LEWIS
A FAHEY
6801 TELEGRAPH RD
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ATTN T M KREHNE
INSTITUTE FOR ADVANCED TECHLGY
4030 2 W BRAKER LANE
AUSTIN TX 78759-5329
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ATTN H J HOFFMAN
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10630 LITTLE PATUXENT PWY
STE 202
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1 AFELM THE RAND CORP
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1700 MAIN ST
SANTA MONICA CA 90401-3297

1 BRIGHAM YOUNG UNIV
ATTN M BECKSTEAD
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PROVO UT 84601

1 CALIF INSTITUTE OF TECHLGY
ATTN L D STRAND MS 125 224
JET PROPULSION LAB
4800 OAK GROVE DR
PASADENA CA 91109

1 CALIF INSTITUTE OF TECHLGY
ATTN F E C CULICK
204 KARMAN LAB
MAIN STOP 301 46
1201 E CALIF ST
PASADENA CA 91102

3 GEORGIA INSTITUTE OF TECHLGY
SCHOOL OF AEROSPACE ENGRG
ATINB T ZIM
E PRICE
W C STRAHLE
ATLANTA GA 30332
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2 UNIV OF ILLINOIS
ATTN H KRIER
R BEDDINI
DEPT OF MECH INDUSTRY ENGRG
144 MEB 1206 N GREEN ST
URBANA IL 61801-2978

1 UNIV OF MASSACHUSETTS
ATTN K JAKUS
DEPT OF MECHANICAL ENGRG
AMHERST MA 01002-0014

1 UNIV OF MINNESOTA
ATTN E FLETCHER
DEPT OF MECHANICAL ENGRG
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3 PENNSYLVANIA STATE UNIV
ATTN V YANG
K KUO
C MERKLE
DEPT OF MECHANICAL ENGRG
UNIVERSITY PARK PA 16802-7501

1 RENSSELAER POLYTECHNIC INSTITUTE
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TROY NY 12181

1 STEVENS INSTITUTE OF TECHLGY
ATTN R MCALEVY llI
DAVIDSON LABORATORY
CASTLE POINT STATION
HOBOKEN NJ 07030-5907

1 RUTGERS UNIVERSITY
ATTN S TEMKIN
DEPT OF MECH AND AEROSPACE ENGRG
UNIVERSITY HEIGHTS CAMPUS
NEW BRUNSWICK NJ 08203

1 UNIV OF UTAH
ATTN A BAER
DEPT OF CHEMICAL ENGRG
SALT LAKE CITY UT 84112-1194

1 WASHINGTON STATE UNIV
ATTN C T CROWE
DEPT OF MECHANICAL ENGRG
PULLMAN WA 99163-5201
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1

ARROW TECHLGY ASSOC INC
ATTN W HATHAWAY

PO BOX 4218

SOUTH BURLINGTON VT 05401-0042

AAl CORPORATION

ATTN J FRANKLE

D CLEVELAND

J HEBERT

PO BOX 126

HUNT VALLEY MD 21030-0126

ALLIANT TECHSYSTEMS INC
ATTN R E TOMPKINS

J KENNEDY

600 SECOND ST NE
HOPKINS MN 55343

AVCO EVERETT RESEARCH LABORATORY
ATTN D STICKLER

2385 REVERE BEACH PKWY

EVERETT MA 02149-5936

GENERAL APPLIED SCIENCES LAB
ATTN J ERDOS

77 RAYNOR AVE

RONKONKAMA NY 11779-6649

UNITED DEFENSE LTD PARTNERSHIP
ATTN ANTHONY GIOVANETTI

4800 EAST RIVER RD

MINNEAPOLIS MN 55421

LOCKHEED MARIETTA DEFENSE SYSTEMS
ATTN J MANDZY

| MAGOON

P JORDAN

D COOK

R PATE

100 PLASTICS AVE

PITTSFIELD MA 01201-3698

IiTRI

ATTN M J KLEIN

10 W 35TH STREET
CHICAGO IL 60616-3799
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4

HERCULES INC

ATTN L GIZzZI

D A WORRELL

W J WORRELL

C CHANDLER

RADFORD ARMY AMMO PLANT
RADFORD VA 24141-0299

HERCULES INC

ATTN WILLIAM B WALKUP
THOMAS F FARABAUGH
ALLEGHENY BALLISTICS LAB
PO BOX 210

ROCKET CENTER WV 26726

HERCULES INC

ATTN R CARTWRIGHT
AEROSPACE

100 HOWARD BLVD
KENVILLE NJ 07847

HERCULES INC

ATTN B M RIGGLEMAN
HERCULES PLAZA
WILMINGTON DE 19894

MBR RESEARCH INC

ATTN DR MOSHE BEN REUVEN
601 EWING ST STE C 22
PRINCETON NJ 08540

OLIN CORPORATION

ATTN F E WOLF

BADGER ARMY AMMO PLANT
BARABOO WI[ 53913

OLIN ORDNANCE

ATTN E J KIRSCHKE
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ST MARKS FL 32355-0222

OLIN ORDNANCE
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ATTN P 8 GOUGH

1048 SOUTH ST
PORTSMOUTH NH 03801-5423




NO. OF
COPIES ORGANIZATION

1

PHYSICS INTERNATIONAL LIBRARY
ATTN H WAYNE WAMPLER

PO BOX 5010

SAN LEANDRO CA 94577-0598

PRINCETON COMBUSTION RSRCH LABS INC
ATTN N A MESSINA

PRINCETON CORPORATE PLAZA

11 DEERPARK DR BLDG IV SUITE 119
MONMOUTH JUNCTION NJ 08852

ROCKWELL INTRNTNL

ATTN BAO8

J FLANAGAN

J GRAY

R B EDELMAN

ROCKETDYNE DIV

6633 CANOGA AVE

CANOGA PARK CA 91303-2703

ROCKWELL INTRNTNL SCIENCE CTR
ATTN DR S CHAKRAVARTHY

DR S PALANISWAMY

1049 CAMINO DOS RIOS

PO BOX 1085

THOUSAND OAKS CA 91360

SCIENCE APPLICATIONS INTRNTNL CORP
ATTN M PALMER

2108 AIR PARK RD

ALBUQUERQUE NiM 87106

SOUTHWEST RSRCH INSTITUTE
ATTN J P RIEGEL

6220 CULEBRA RD

PO DRAWER 28510

SAN ANTONIO TX 78228-0510
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ATTN DR JOHN DEUR
2001 AEROSPACE PWY
BROOK PARK OH 44142
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ATTN R WILLER
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PO BOX 241

ELKTON MD 21921-0241
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